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Outline
• A few generalities on X-ray binaries (XrB)


• GRAVITY observations of XrB

➡ The microquasar SS 433

➡ The supergiant High Mass X-ray binaries: Bp Cru


• Perspectives GRAVITY+

➡number of targets

➡orbital constraints of binary systems

➡accretion-ejection processes during outburst



X-ray Binaries

High Mass X-ray Binary Low Mass X-ray Binary



Microquasar =  XrB with Jet
In 1992 the first microquasar was detected: a double-sided radio 
jet from the compact source 1E1740.7–2942 in the Galactic Centre 
(Mirabel et al. 1992)

Named from its similarities with quasars
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Soleil Mercure

https://www.youtube.com/watch?v=-IBmERQ7L30

• Semi-major axis a < 1mas i.e. below the imaging resolution even of the largest optical/
near-infrared interferometers.

• Spectral differential interferometry can provide direct spatial information on scales as 
small as ∼ 1−10 μas but requires a bright enough object for fringe tracking

• Nearly all LMXBs and the great majority of HMXBs cannot be observed 
interferometrically with the current facilities.

➡Vela X-1 (Choquet+14) with VLTI/AMBER and VLTI/PIONIER
➡CI Cam (Thureau+09) with PTI and IOTA



The Microquasar 
SS 433



•At a distance of 5.5 kpc, embedded in the radio nebula W50

What is SS 433?

W50 supernova remnant in radio (green) against the infrared 
background of stars and dust (red).

SS 433

•Discovered in the 70’s. In the galactic plane. K=8.1!
•Eclipsing binary with Period of 13.6 days, the primary may be a 
~10 Msun BH

70 arcm
in

130 arcmin
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•  Optical/IR spectrum:  

‣ Broad emission lines (rest lines)  

‣ Doppler (blue and red) shifted lines (moving lines)

Medvedev et al. (2010)

Rest and Moving Lines

8



•Rapidly interpreted as signature of collimated, oppositely ejected 
jet (v~0.26c) precessing (162 days) and nutating (6.5 days)

•Variable, periodic, Doppler shifts reaching ~50000 km/s in redshift 
and ~30000 km/s in blueshift

Figure 3: Precessional curves of the radial velocities of the shifted lines from the approaching
(lower curve) and receding (upper curve) jets, derived from spectroscopic data obtained during
the first two years in which SS433 was studied (Ciatti et al. 1981). The scatter of the data
about the curves is due primarily to the nutational variability.

The two crossovers are usually denoted times T1 and T2, and their precessional phases
are 0.34 and 0.66. It is obvious that the phases for the extrema and crossovers of the
radial-velocity curves (Fig. 3) are determined only by the orientation of SS433 relative to
the observer and not by any physical processes occurring in the system. This, generally
speaking, trivial fact nevertheless is sometimes forgotten in interpretations of the complex
phenomena observed in SS433.

During the precessional cycle, the lines of the two jets change places, so that the jet
that recedes from us during most of the precessional period is denoted with a “+” and the
opposite jet is denoted with a “−”. At the times T1,2, the radial velocities of the jet lines
coincide, but are not equal to zero. This is due to the well known transverse Doppler effect,
or time dilation, which is clearly observed in this way only in SS433 (among macroscopic
objects). The Doppler shifts of the spectral lines are described by the well known formula

λ = λ0γ(1 − β cos η),

where λ and λ0 are the shifted and laboratory wavelengths, η is the angle between the jet
and the line of sight,

γ =
1

√

1 − β2

is the Lorentz factor and the jet velocity Vj is expressed in units of the speed of light
β = Vj/c. At the times of the crossovers, the jet radial velocities are V ±

r /c = γ − 1.
Thus, the velocity of propagation of the jets can be directly measured in SS433, and,
consequently, the geometric parameters of the jets, inclination of the system, and distance
to the object (from radio images of the precessing jets) can also be determined.

The behavior of the moving lines of SS433 is described well by the kinematic model
for the precessing jets (Abell and Margon 1979). Figure 4 shows a geometric schematic
of the jet precession. We adopt the following notation. The angle between the jets and
the precessional axis (the precession angle) is θ, the angle between the precessional axis
(orbital axis) and the line of sight i, the precessional period Ppr, and the precessional
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periodicity of ~162 days

Moving Lines: Jet Signatures
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Stationnary lines 
Wind, accretion and Circumbinary discs

Perez &
 B

lundell  (2009)

SS 433 accretion disc inflow & outflow 3

Figure 2. Upper panel: Example of Brγ stationary emission lines observed
at orbital phase φorb = 0.27; the top x-axis corresponds to heliocentric
speed in units of km s−1. Lower panel: Tracks of the centroids of the
Gaussian components fitted to each of our spectra. The modified Julian date
(MJD) increases vertically and the tick mark heights are proportional to the
FWHM of each component (see inset in the bottom left corner).

rather shorter observing runs. Decomposition of a line profile as
the sum of Gaussian components is a technique widely used to ex-
tract information from different parcels of gas in a line emitting
region. For example, in the case of Seyfert galaxies it allows one
to distinguish the narrow line region from the broad line region
(e.g., Ho et al. 1997). Blundell et al. (2008) decomposed the sta-
tionary Hα line (observed during a quiescent period in SS 433’s
behaviour) into primarily 3 components: one broad component
(FWHM∼700 kms−1) whose width was observed to decrease with
precessional phase (i.e., as the jets become more in the plane of the
sky) identified as the accretion disc wind, and two narrower, red-

and blue-shifted components, but stationary in wavelength, being
radiated from a glowing circumbinary ring.

The stationary Brγ emission lines show a much more complex
profile than the quiescent Hα line studied by Blundell et al. (2008).
After trying with different numbers of Gaussian components we
came to the realisation that up to six components were needed to
account for the complexity of the Brγ profile shape. Fig. 2 (upper
panel) shows an example of a fitted Brγ profile; in this case six
Gaussians were used in the fit.

The presence of a P Cygni feature in the stationary lines
has been noted by several authors at certain precessional phases
(Crampton & Hutchings 1981; Filippenko et al. 1988; Gies et al.
2002). An absorption feature in the blue wing of the line pro-
file would indeed complicate the analysis and it would have to
be taken into account using models of outflowing winds (e.g.,
Castor & Lamers 1979). However, we have found no clear evidence
of the presence of such absorption feature at the epochs at which
we observed SS433 (see e.g., top panel of Fig. 2).

Fig. 2 (lower panel) shows the components of the stationary
Brγ line as a function of time. It is easy to see that the Brγ com-
plex can be decomposed in three main constituents: a very broad
wind component present at all times in our data-set and two sets
of narrower pairs. The broad wind and both narrower pairs show
a mean velocity close to the systemic speed V0 ≃ 150 kms−1

(see lower panel in Fig. 3). This measurement of the systemic ve-
locity was obtained from the radial velocity curve of the Mg II λ
2.404 µm stationary line (Perez et al. in prep). Although this value
seems to fit well with all the stationary emission lines in our near-IR
spectra, it is very different compared to other previous observations
(e.g., 27 km s−1 by Crampton & Hutchings (1981), 73 kms−1 by
Hillwig & Gies (2008) and −44 kms−1by Gies et al. (2002)).

The broad components plotted in Fig. 2 show FWHMs from
1300 up to 1500 kms−1. The presence of a broad wind component
has been reported before from Hα stationary line analysis but with
FWHM reaching only up to 800 kms−1 (Falomo et al. 1987) and
700 kms−1 during the quiescent period reported by Blundell et al.
(2008), although broader widths have been observed before and
during a flare by Blundell et al. in prep.

The inner set of narrow lines, moving at speeds∼200 km s−1,
are fairly steady in wavelength, in excellent agreement with the
presence of a circumbinary ring reported by Blundell et al. (2008).

The most striking discovery that arises from the Brγ line fit-
ting is the presence of a pair of widely-separated, hence rapidly
rotating, narrow components. An example of these narrow (but
widely separated) pairs are depicted in red and blue colours in the
upper panel of Fig. 2. The speed with which the radiating material
spirals in the accretion disc corresponds to half the difference of the
speed of those lines, under the assumption that the fitted centroids
correspond to the tangent speed. This reveals material that is spi-
ralling in the potential well at speeds of about 500 km s−1 (see up-
per panel in Fig. 3). The accretion disc lines also show a somewhat
sinusoidal variation, as can be seen in Fig. 3, with a peak-to-peak
amplitude of ∼ 100 kms−1.

The sixth component, that only appears between φorb = 0.2
and 0.6, seen in Fig. 2 as a small Gaussian blueward of the position
of the broad wind, may correspond to much more extended line
emission that is somehow bonded to the system, hence it moves at
about the systemic velocity but it does not obviously show any of
the characteristic periodicities.

Stationary lines generally consist of different components:

10

• A broad component is identified as emitted in that 
wind from the accretion disc.

wind

• Two narrow remarkably constant components, one 
permanently redshifted and the other permanently 
to the blue signature of a circumbinary ring (the 
inner rim of an excretion disc?)

CD

• Some «  extra  » broadening can be due to the 
presence of two narrow components at 
comparatively extreme excursions in velocity 
signature. Signature of a ring or disc orbiting the 
compact object itself.

Accretion 
disc

Bracket 𝛄
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ACCRETION DISC 
+ WIND

COMPANION STAR

COMPACT OBJECT

GAS STREAM

TOWARD EARTH

The SS-433 System

CIRCUMBINARY DISC

5.5kpc
P=13.6 days

Jet precession (~164 days)
and nutation (~6.5 days)

Mstar=24 M☉

MBH=16 M☉

< 160 Rsun (0.1 mas)

> 300 Rsun (0.2 mas)

jet1 
approaching

jet2 
receding

JET



P.-O. Petrucci et al.: First Optical observation of a microquasar at sub-milliarsec scale

Fig. B.1. Top) u-v plane at the time of the observation with the di↵erent baselines indicated by colored points. The grey line represent the expected
jet PA. Bottom) K-band GRAVITY spectrum (the solid blue/red line corresponds to the emission of the approaching/receding jet components.) as
well as the visibility amplitudes (left) and phases (right) for the 6 baselines. The solid line corresponds to the best fit model of the jet lines (see
Sect. 3.2.2). The symbol colors correspond to the baseline colors indicated in the u-v plane.

6

jet PA

Observation with GRAVITY

12

• 3.5h with the 4 UTs, the 16th July 2016

• The jet precession phase at the observation date 
is ~0.7

Figure 3: Precessional curves of the radial velocities of the shifted lines from the approaching
(lower curve) and receding (upper curve) jets, derived from spectroscopic data obtained during
the first two years in which SS433 was studied (Ciatti et al. 1981). The scatter of the data
about the curves is due primarily to the nutational variability.

The two crossovers are usually denoted times T1 and T2, and their precessional phases
are 0.34 and 0.66. It is obvious that the phases for the extrema and crossovers of the
radial-velocity curves (Fig. 3) are determined only by the orientation of SS433 relative to
the observer and not by any physical processes occurring in the system. This, generally
speaking, trivial fact nevertheless is sometimes forgotten in interpretations of the complex
phenomena observed in SS433.

During the precessional cycle, the lines of the two jets change places, so that the jet
that recedes from us during most of the precessional period is denoted with a “+” and the
opposite jet is denoted with a “−”. At the times T1,2, the radial velocities of the jet lines
coincide, but are not equal to zero. This is due to the well known transverse Doppler effect,
or time dilation, which is clearly observed in this way only in SS433 (among macroscopic
objects). The Doppler shifts of the spectral lines are described by the well known formula

λ = λ0γ(1 − β cos η),

where λ and λ0 are the shifted and laboratory wavelengths, η is the angle between the jet
and the line of sight,

γ =
1

√

1 − β2

is the Lorentz factor and the jet velocity Vj is expressed in units of the speed of light
β = Vj/c. At the times of the crossovers, the jet radial velocities are V ±

r /c = γ − 1.
Thus, the velocity of propagation of the jets can be directly measured in SS433, and,
consequently, the geometric parameters of the jets, inclination of the system, and distance
to the object (from radio images of the precessing jets) can also be determined.

The behavior of the moving lines of SS433 is described well by the kinematic model
for the precessing jets (Abell and Margon 1979). Figure 4 shows a geometric schematic
of the jet precession. We adopt the following notation. The angle between the jets and
the precessional axis (the precession angle) is θ, the angle between the precessional axis
(orbital axis) and the line of sight i, the precessional period Ppr, and the precessional
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jet1

jet2

zjet1 ~ 0.01
zjet2 ~ 0.06

• uv-plane (coincidentally) aligned with 
the jet PA



The GRAVITY Spectrum
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Br𝜸rest  
(2.166 𝝁m)HeIrest  

(2.057𝝁m)

• Br𝜸 is double-peaked
• HeI with P Cygni profile

HeIrest  
(2.112 𝝁m)

Stationary lines

spectral binning of 2
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The GRAVITY Spectrum

• Br𝜸, HeI from jet1 and jet2 and Br𝜹 from jet1

• Emission features agree with the jet line shifts 
expected at the observation date

Jet lines

Br𝜸,jet1HeI,jet1

Br𝜸,jet2HeI,jet2Br𝜹,jet2

Br𝜸rest  
(2.166 𝝁m)HeIrest  

(2.057𝝁m)

HeIrest  
(2.112 𝝁m)

Please give a shorter version with: \authorrunning and/or \titilerunning prior to \maketitle
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Appendix A: Jet lines spectral and interferometric

signature modeling

We decompose the contribution from the jet1 (approaching) and
jet2 (receding) components separately as follows:

FNorm(�) = Fjet1(�) + Fjet2(�) + 1 (A.1)

Fjet1(�) = He ijet1 + Br �jet1 (A.2)

Fjet2(�) = He ijet2 + Br �jet2 + Br �jet2 (A.3)

where He ijet1/jet2, Br�jet1/jet2 and Br�jet2 are the flux ratios (fixed
using the average spectrum) between the lines and the contin-
uum. Assuming that the Br�, Br� and He I lines are emitted from
the same regions, the interferometric di↵erential observables are
given then by Eq. 2. The characteristics of the di↵erent jet lines
(redshift, FWHM, EW) are reported in Table A.1.

Name Rest wavelength redshift FWHM EW
(µm) (km s�1) (Å)

Br �
jet1 2.166 0.0132 1364 56

Br �
jet2 2.166 0.0624 1347 62

Br � jet2 1.944 0.0622 1510 59
He i jet1 2.057 0.0140 1429 37
He i jet2 2.057 0.0631 1027 44

Table A.1. Properties of each jet line.

Appendix B: Normalized visibility amplitudes and

phases of the six baselines

The uv-plane at the time of the observation, the K-band
GRAVITY spectrum as well as the visibility amplitudes and
phases for the 6 baselines are plotted in Fig. B.1.
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Interferometric observables 
Continuum Visibility

• Systematic drop versus 
baseline length

• No closure phase 
measurable

• Simple modeling with a 
Gaussian disk:

‣ 90% from emitting region of 0.8mas 
‣ 10% from diffuse background (>15mas)
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Visibility Amplitude 
UT1-UT3

Phase 
UT1-UT3

visibility drop

negative phases

positive phases

Interferometric observables 
Lines visibilities and (differential) phases



Position along the jet (mas)

In
te

ns
ity

s

a

I(z) / e
�( z�a

s )
H(z � a) •Best fit with:  

‣PA=75°±20° 
‣s=1.7±0.6 mas, 
‣a=-0.15±0.34 mas

•Transverse size < 1.2 mas

(3𝝈 error)
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Jet line Model
Method: fit all jet lines (flux, vis. amplitude and phase) together 
assuming the same jet intensity profile moving at 0.26c

•An exponentially decreasing intensity profile preferred to a 
gaussian one (Δ𝝌2 > 36 for 57 dof)

•See also Waisberg+19 for 
the detection of multiple 
bullets in the jet
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Stationary line: Br𝛄
• Visibilities clearly drop 

across the line for all the 
baselines

• D e e p e r f o r l o n g e r 
baselines.

• Emitting region size is 
found to be ∼1 mas

• Phases behavior suggest 
E a s t - W e s t o r i e n t e d 
geomet r y, i . e . , i n a 
direction similar to the jet 
one
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ACCRETION DISC 
+ WIND

COMPANION STAR

COMPACT OBJECT

GAS STREAM

TOWARD EARTH

The SS-433 System

CIRCUMBINARY DISC

5.5kpc
P=13.6 days

Jet precession (~164 days)
and nutation (~6.5 days)

Mstar=24 M☉

MBH=16 M☉

< 160 Rsun (0.1 mas)

> 300 Rsun (0.2 mas)

jet1 
approaching

jet2 
receding

JET

GRAVITY coll., Petrucci et al. (2017)



106
5. Super-Keplerian equatorial outflows in SS 433. Centrifugal ejection of the

circumbinary disk

Figure 5.3: Model-independent centroid shifts across the Br� stationary line for the 2016
observation and Epoch 2 of the 2017 observations. The dashed circle shows the binary size
a ⇡ 0.07 mas for a total mass M = 40M�. The insets show the Br� line spectrum with
the color corresponding to the di↵erent wavelength/velocity channels.

106
5. Super-Keplerian equatorial outflows in SS 433. Centrifugal ejection of the

circumbinary disk

Figure 5.3: Model-independent centroid shifts across the Br� stationary line for the 2016
observation and Epoch 2 of the 2017 observations. The dashed circle shows the binary size
a ⇡ 0.07 mas for a total mass M = 40M�. The insets show the Br� line spectrum with
the color corresponding to the di↵erent wavelength/velocity channels.

Variable Accretion-Ejection 
Structure 

• The stationary emission line of Brγ changed from a bipolar-dominated to an 
equatorial-dominated outflow for observations spaced by one year

• GRAVITY campaign this year (5 obs separated by a few weeks): more to 
come



The supergiant High Mass 
X-ray binaries: Bp Cru



• No precise astrometric information on the binary system 
(inclination, ascending node) -> the exact position of the pulsar on 
the sky plane is not known.

BP Cru

•Binary system of a pulsar GX 301-2 embedded in the dense stellar 
wind of the hypergiant Wray 977664. Submilliarcsecond Optical Interferometry of the High-mass X-Ray Binary

BP Cru with VLTI/GRAVITY

The baseline directions on the sky plane are shown in Figure 4.2, together with the
predicted binary image at the time of observation. Because there is no astrometric in-
formation on the binary system, the exact position of the pulsar on the sky plane is not
known. However, we show that we can narrow down its position to the four possibilities
shown (see Appendix A).
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Figure 4.2: Baseline directions on the sky plane. Also shown are the donor star (photo-
spheric radius ⇠ 70R�) and the predicted four possible positions of the pulsar (red) on the
sky plane at the time of observation. For details see Appendix A.

4.3.2 Data Reduction

The data were reduced with the standard GRAVITY pipeline (version 0.9.6, Lapeyrere
et al., 2014), which is based on the principle of the Pixel to Visibility Matrix (P2VM,
Tatulli et al., 2007). An internal artificial light source is used to characterize the transition
from pixel intensities to complex visibilities for each baseline in each of the two detectors
(science and fringe tracker), which is then applied to the scientific observations (after
appropriate sky subtraction). The wavelength calibration in this case (high resolution) is
performed with an Argon lamp. Absolute visibilities are calibrated by means of computing
a transfer function using calibrator stars of known diameter, which is also used to calibrate
the visibility and closure phases. The default values in the pipeline were used. In particular,
we use the so-called VFACTOR to estimate the loss of coherence of the science channel
using the fringe tracker data (which measures the phase deviations at a faster rate than
the applied corrections), and rescale the science absolute visibilities accordingly.

The interferometric calibrators used are listed in Table 4.3. These stars were also used
as telluric calibrators for the spectrum. As cool supergiants, they are expected to contain

Donor star (photospheric radius ∼70R⊙) and the predicted four possible 
positions of the pulsar (red)

Waisberg et al. (2017), ApJ, 844, 72

• Observed with GRAVITY in 2016

• Among the brightest HMXBs in the K band (K = 5.7) and the most 
eccentric orbit (e=0.46)



GRAVITY results
The data are most consistent 
with an unresolved continuum 
of size 0.2 mas dominated by 
the supergiant photosphere

Clear visibility and phase 
drops across the Brγ line 
profile
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Figure 4.13: Top: Best fit positions on sky plane for a gas stream in the combined
wind+stream model. Also shown are the hypergiant and the predicted four possible posi-
tions of the pulsar. Bottom: Example of a gas stream model (Leahy and Kostka, 2008) in
the sky plane. The colors refer to radial velocities. A gas stream could be an explanation
for asymmetric di↵erential visibility phases across the wavelength.

GRAVITY results

Position of the photocenter

Spherical wind from the star + a tidal stream of gas of 
enhanced density that trails the compact object along its orbit



Perspectives with 
GRAVITY+



Gravity+

19The Messenger 189 | 2022

has the advantage that the upgrades 
have minimal impact on the normal VLTI 
operation while adding new capabilities 
at each step. 

Science goals

AGN at high redshift

Supermassive black holes (SMBHs) are 
expected to be present at the centres of 
all massive galaxies in the Universe. The 
properties of the black holes are tightly 
correlated with the properties and evolu-
tion of their host galaxy. Crucial to under-
standing this co-evolution of the SMBHs 
and their galaxies is knowing the masses 
of the black holes. Especially for AGN, 
one cannot measure black hole masses 
directly but has to use indirect methods, 
combining velocity information from the 
AGN spectra with size information typi-
cally based on scaling relations that are 
calibrated via reverberation mapping 
(Peterson et al., 2004). However, spec-
troastrometry with GRAVITY can directly 
measure the sizes of the broad-line 
regions around SMBHs (GRAVITY 
Collaboration et al. 2018c). From the  
size measurement of the broad-line 

high- frequency vibrations. Together with 
a new implementation of the fringe 
tracker, this will lead to a much improved 
fringe- tracking performance.

Finally, one of the main noise sources in 
GRAVITY is the back-fluorescence of the 
metrology laser into the spectrometer, 
which originates in the optical fibres of 
GRAVITY. Within GRAVITY+, we are 
developing new observing modes for the 
faintest targets in which the noise from 
the metrology laser is removed without 
losing the stability of the instrument 
(Widmann et al., 2022), by toggling the 
brightness of the laser beams between 
exposure times and presets.

Phased Implementation

The implementation of GRAVITY+ 
encompases three phases. The first 
phase is almost concluded, with the 
upgrade of the GRAVITY grisms and the 
implementation of the off-axis 
fringe-tracking mode already finished. 
Other parts of this phase, such as the 
improved fringe tracker implementation 
and the reduction of vibrations, are cur-
rently ongoing. The second phase of the 
project will see the replacement of the 
MACAO AO system with the GRAVITY+ 
AO system. In the last phase, which will 
conclude the GRAVITY+ implementation, 
the three remaining UTs will be equipped 
with LGS. The full project is expected to 
be completed and available to the com-
munity in 2026. The phased approach 

Off-axis fringe tracking

GRAVITY’s highest sensitivity is achieved 
in the dual-beam mode, in which a nearby 
star is used for fringe tracking instead of 
the science target itself. In GRAVITY the 
separation between the science object 
and the fringe-tracking star has to be 
smaller than 2 arcseconds for the UTs 
and 4 arcseconds for the ATs, which sig-
nificantly limits the number of observable 
targets. To overcome this limitation, one 
part of GRAVITY+ is the new off-axis 
fringe-tracking mode, called GRAVITY- 
Wide (GRAVITY+ Collaboration et al. 
2022). In this mode, two subfields of the 
telescope field of view are selected by the 
star separators located at the coudé foci 
of the telescopes. One of the two fields 
contains the science source and the 
other one the fringe-tracking star. The 
two fields are brought separately into the 
VLTI lab and then both fields are fed into 
the GRAVITY beam-combiner. This mode 
allows much larger separations between 
the two objects than were previously 
possible. Separations of up to several 
tens of arcseconds are possible, effec-
tively limited only by the coherence loss 
in the atmosphere, induced by the differ-
ential piston. GRAVITY-Wide is already 
fully commissioned and available to the 
community (GRAVITY+ Collaboration et 
al. 2022). Together with the LGS system 
this new mode significantly improves the 
sky coverage, as shown in Figure 2.

Sensitivity 

GRAVITY+ also encompasses several 
other projects to increase the sensitivity 
of the instrument and reduce existing 
noise sources. In October 2019 two 
grisms were replaced in GRAVITY’s sci-
ence spectrometer. This upgrade yielded 
an improvement of a factor of 2–3 in 
throughput in the medium- and high- 
resolution modes (Yazici et al., 2021). 

Another goal of this project is to reduce 
optical path differences (OPDs) in the 
VLTI. These OPDs come mainly from 
vibrations in the telescopes and affect  
the performance of the fringe tracker in 
GRAVITY. The upgrade of the vibration 
control system MANHATTAN2 is currently 
being commissioned at Paranal, to meas-
ure and compensate for existing 

Figure 2. Sky coverage for LGS AO-supported off-
axis fringe tracking with a fringe-tracking star as faint 
as mK = 13, and a maximum allowed separation  
of 30 arcseconds. The sky projection is centred on 
the zenith in the Chilean spring. Areas not observa-
ble by the VLTI are left blank. This sky coverage is 
orders of magnitude larger than the current capabil-
ity of the VLTI.
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• With a 4-5 magnitudes improvement, a limit magnitude for fringe tracker Klim=13 
and separation of 30 arcsec

sky projection centred on
the zenith in the Chilean spring.

✓Galactic LMXB Catalogue (Avakyan+, 2023): 25 with K < 18 (K~16 in outburst, and 
GRS 1915+105 with K~12) 

➡  severals tens LMXB and HMXB (compared to a few HMXB with Gravity)

➡  completely new field

✓Galactic HMXB catalogue (Neumann+, 2023): 75 with K < 13



• Orbital mouvement of a star around a BH or NS to better 
determine:


- the inclination of the system (important input for e.g. X-ray 
modelling) 


- the compact object mass:

➡ BH vs NS

➡ helping to constrain the NS equation of state

➡ … 

Constraining the Binary 
parameters
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Fig. 10 Range of (absorbed) low/hard state in Cyg X-1, together with the corre-
lated changes in spectral index and (neutral) reflected fraction, reflected fraction
and amount of smearing of the associated iron line, and reflected fraction and equiv-
alent width of the iron line. These all change in a manner qualitatively consistent
with the disc extending down further into the hot inner flow (from Ibragimov et
al. 2005).

there are only occasional snapshots with satellites covering the softer X-ray
bandpass (ASCA, BeppoSAX, Chandra and XMM-Newton) and these data
are also often heavily absorbed by the considerable interstellar column seen
towards many BHB as they are in the plane of our Galaxy. Nonetheless there
are some indications that the disc behaves as predicted by these truncated
disc models. The most convincing of these is the BHB XTE J1118+480, one
of the few sources at high Galactic latitude. The very low galactic column
to this object gives the best view of the EUV/soft X-ray region where the
disc should peak. This is also a transient where the outburst peak luminosity
was very low, at L/LEdd ∼ 10−3, so it remains clearly in the hard state
during the entire outburst (see Fig. 3). Multiwavelength campaigns (IR–
optical–UV–X-ray) show that the disc has very low maximum temperature
of ∼ 10–40 eV, well fit with a truncation radius of ∼100–300 Rg (e.g. Esin
et al. 2001; Frontera et al. 2001; Chaty et al. 2003, see Fig. 11). The total
spectrum also points to the geometry being inhomogeneous. The hard X-ray
spectrum clearly shows that the X-ray source is illuminated by rather few
seed photons i.e. that Lh/Ls≫ 1. However the total spectrum has the soft
and hard luminosities about equal (Fig. 11). This is consistent with the disc
subtending rather a small solid angle at the source of energetic electrons, also
as predicted by the truncated disc models (see Fig. 9).

No other BHB in the hard state has comparable data, but there are snap-
shot observations of the soft component in Cyg X-1 at L/LEdd ∼ 0.01–0.02.
Here the disc temperature is of order 0.1–0.2 keV (Ba!lucińska-Church et al.
1995; Ebisawa et al. 1996; Di Salvo et al. 2001), consistent with a trun-
cated disc where the inner radius is more like 50 Rg (di Salvo et al. 2001).
Again, there is roughly as much power in this disc spectrum as there is in
the hard X-ray component, yet the hard X-ray spectrum implies that the
source is photon starved, with Lh/Ls≫ 1. However, these broadband data
also show that the soft spectrum is more complex than expected from simple
disc plus Comptonization and its (mainly neutral) reflection. There is spec-
tral curvature which can be modelled as an additional, higher temperature
soft component or as a slightly steeper power law which contains 5–10 per
cent of the total X-ray power (Ebisawa et al. 1996; di Salvo et al. 2001; Ibrag-
imov et al. 2005 see Fig. 11; Makishima et al. 2007). GX 339–4 also shows

HARD

HARD
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= jet
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Fig. 15 A range of soft-state spectra at different luminosities from the BHB
4U 1655–40 from RXTE PCA and HEXTE data showing that the hard tail is
indeed negligible in this state (left). The right panel shows LMC X–3 from ASCA
(black and red), BeppoSAX (green) and RXTE PCA (cyan and blue) data. The
disc peak is clearly well covered by the instruments with softer response, and these
give results which are consistent with those derived from RXTE data (Davis et al.
2006).

Nonetheless, irrespective of the true disc radius, compelling evidence for
the standard disc formalism is given by the observation that the value of
rin is usually observed to remain constant in the soft state as Ldisc changes
significantly (Ebisawa et al. 1991; 1993; 1994). An alternative, even more
direct way to present the same result is to plot the observed disc luminosity
and temperature against each other for multiple observations (Kubota et al.
2001; Kubota & Makishima 2004; Kubota & Done 2004; Gierliński & Done
2004; Davis et al. 2006; Shaffee et al. 2006, see Fig. 15). Fig. 16 shows this for
the BHB with soft-state spectra which span the largest range in luminosity.
Clearly these sources are consistent with an approximate L ∝ T 4 relation
over factors of 10–50 change in disc luminosity, as predicted for a constant
inner radius for the accretion disc. This is exactly the behaviour predicted by
General Relativity at the last stable orbit, so these data confirm that gravity
is consistent with Einstein’s predictions even in the strong field limit. This is
fantastic–but also highlights the fact that the point at which corrections due
to GR become large is below the last stable orbit! Given that the closeness of
this to the event horizon, this shows that observational tests of newer theories
of gravity will be very challenging (Gregory et al. 2004).

5.1.1 Black hole spin

Assuming GR is indeed the correct theory, these data also give a way to
measure the spin of the black hole assuming there are some constraints on
distance, mass and inclination from the binary parameters. However, then the

SOFT
state

no radio
= no jet

SOFT



X-ray binaries in outburst

• ToO mode generally required

• broad band coverage helpful

X, Opt, IR

Wind



Gandhi et al. (2011)

Credits: M. Coriat

Jet launching

- the disk/jet/wind interaction (like in SS 433 and Bp Cru)


- astrometric shift in the NIR centroid during state transitions  

• The jets can be seen in both the NIR and in radio 

• Synergy optical and radio interferometric observations

« à la » Blandford & Koenigl (1979) 
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